In the present study, we have investigated the involvement of the cyclic adenosine monophosphate (CAMPI-dependent signaling pathway on interleukin-4 (11-4) gene expression in freshly isolated human T lymphocytes. 2"O-dibutyryl cAMP (db-CAMP) and prostaglandin E2 (PGE,) were used t o directly and indirectly activate the protein kinase A pathway. Northern analysis showed that concanavalin A (Con AI-, anti-CD3 (aCD3)-, or anti-CD3 plus anti-CD28 (ruCD3/aCD28)-induced accumulation of IL-4 mRNA was inhibited by db-CAMP (loT3 mol/L). Db-cAMP showed a steep dose-dependent inhibition; concentrations s I O -~ mol/L did not affect 11-4 mRNA accumulation. In contrast, GM-CSF mRNA expression showed a wider dose-dependent range; mol/L db-CAMP still affected GM-CSF accumulation. PGEz inhibited the Con The cyclic adenosine monophosphate (CAMP)-dependent signaling pathway seems to be an important pathway for controling cytokine expression. Activation of protein kinase A (PKA) results in downregulation of L 2 and the IL-2 receptor,l0-I6 as well as of IL-3 and granulocyte-macrophage colony-stimulating factor (GM-CSF).I7 With regard to L -4 gene expression it has been shown that levels of IL-4 transcripts in T-cell lines induced by phorbol myristate acetate (PMA) plus A23187 do no respond to elevations of CAMP." Moreover, Muiioz et a1 showed that forskolin and cholera toxin, both inducers of intracellular CAMP, do not modulate anti-CD3 (aCD3)-induced IL-4 production in T-cell lines.18 Similar results have been obtained with T-cell lines and Th2 clones in the presence of prostaglandin E, These data suggest that the CAMP-dependent signaling pathway is not involved in the regulation of IL-4 gene expression in Tcell lines and Th2 clones. In this report, we studied whether the CAMP-dependent pathway regulates IL-4 gene expression in fresh human T lymphocytes, because the negative regulatory effect of PKA activation might be dependent on the degree of T-cell activation. Our results show that activation of the CAMP-dependent signaling pathway by 2"O-dibutyyl CAMP (db-CAMP) or PGE, results in downregulation of IL-4 at the mRNA and protein levels in concanavalin A (Con A)-or anti-CD3 plus anti-CD28 (aCD3hCD28)-
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Blood, Vol 87, No 2 (January 15), 1996: pp 691-698 cAMP and PGEz were accomplished at transcriptional level in Con A-activated T cells, whereas changes at transcriptional and posttranscriptional level were involved in aCD3/ aCD28-activated T lymphocytes. In contrast t o Con A and ruCD3/aCD28 activation, phorbol myristate acetate plus A23187-induced IL-4 mRNA expression was insensitive t o the inhibitory effect of db-cAMP and PGE2. Moreover, it appeared that the sensitivity for CAMP-mediated downregulation could not be blocked by stimulating T lymphocytes with aCD3/ruCD28 in the presence of IL-2, IL-7, IL-10, IL-12, or a combination of these cytokines. Finally, it was shown that, in accordance with the mRNA studies, db-cAMP and PGE2 suppressed the IL-4 secretion in Con A-and aCD3/aCD28-activated T cells. In conclusion, these data show that IL-4 expression is negatively regulated by the protein kinase Adependent signaling pathway by transcriptional and posttranscriptional mechanisms that depend on costimulatory signals. 0 1996 b y The American Society of Hematology.
activated human T lymphocytes. In contrast, neither db-CAMP nor PGE2 affected L -4 expression in PMA plus A23187-activated T cells. Downregulation of IL-4 expression resulted from changes at both transcriptional and posttranscriptional levels, depending on costimulatory signals.
MATERIALS AND METHODS

Preparation of cells.
Peripheral blood cells were obtained from healthy volunteer platelet donors, and mononuclear cell suspensions were prepared by Ficoll-Hypaque (Lymphoprep; Nycomed, Oslo, Norway) density-gradient centrifugation. T lymphocytes were isolated by 2-aminoethylisothiowonium bromide-treated sheep red blood cell rosetting. The sheep red blood cells were lysed with 155 mmol/L NKCl, 10 mmol/L KHC03, and 0.1 mmoVL EDTA. The remaining cell preparations contained more than 98% T lymphocytes, as assessed by flow cytometric analysis after staining with an aCD2 monoclonal antibody (Becton Dickinson, Sunnyville, CA), and less than 1% CDICpositive cells (Becton Dickinson). After isolation, T lymphocytes were cultured overnight at 37°C in RPM1 1640 media (Flow, Rockville, MD) containing 4% fetal bovine serum (Hyclone, Logan, UT) supplemented with 100 U/mL penicillin, Stimulation. Cells (5 X 106/mL) were incubated for 6 hours with 25 pg/mL Con A (Calbiochem, LA Jolla, CA), aCD3, and aCD28 antibodies in a 5% hybridoma supernatant solution (gift from Dr B.J. Kroesen, Department of Immunology, University of Groningen, The Netherlands), db-CAMP (Boehringer, Mannheim. Germany), P G & (Sigma, St Louis, MO), or with combinations of these agents.
PMA (Sigma) and the calcium ionophore (A23187; Sigma) were used at a concentration of 50 ng/mL and I pmol/L, respectively. To determine the stability of mRNA, new RNA synthesis was inhibited by actinomycin D (Act D; Boehringer), used at a concentration of 10 pg/mL.2n The exogenously added cytokines recombinant human IL-I/3 (rhlL-lb; from Dr S . Gillis, lmmunex Seattle. WA), rhlL-2 (Eurocetus, Amsterdam, The Netherlands), rhIL-7 (Genzyme Corp, Cambridge MA), rhIL-IO (from Dr S . Narula, Schering-Plough, Kenilworth NJ) and rhlL-12 (from Dr S.C. Clark, Genetics Institute, Cambridge MA) were used at concentrations of 1 0 0 UlmL. 200 U/ mL, 50 UlmL, IO ng/mL, and S UlmL, respectively.
Exrracrion of mRNA and ana/.vsis. Total cellular RNA was isolated by the guanidinum isothiocyanatelcesium chloride methode.,' Total RNA (1 5 p p ) was electrophoresed in 2.2 m o m formaldehyde, 1.1 % agarose gels, and blotted onto nylon membranes (Hybond N' ; BORGER ET AL Amersham, Buckinghamshire, UK).,, cDNA probes were labeled with [a-"Pldeoxycytidine triphosphate (3,000 Cilmol; Amersham) by the random hexamer priming method.*? The cDNA probes used were the following: (1) the 0.3-kb EcoRIINhe I insert of human IL-4 cDNA purified from the pcD-IL-4 plasmidz4 (a gift from Dr S . Narula); (2) the 0.45-kb EcoRYAva I1 insert of human GM-CSF cDNA (gift from Dr. S . Gillis); and (3) the EcoRI-linearized pBR322 plasmid containing a 7.8-kb human 28s cDNA insert.
Hybridization was performed at 65°C for 18 hours in 0.5 molL NaZHPO4 (pH 7.2), l mmol/L EDTA, and 7% sodium dodecyl sulfate (SDS). Membranes were washed once in 2X SSC (20X SSC: 3 moll L NaCl and 0.3 mol/L sodium citrate [pH 7.01) and 0.1% SDS, once in 1 X SSC and 0.1% SDS, and finally in 0.3X SSC and 0.1 % SDS for 20 minutes at 65°C. The membranes were exposed to Kodak Xomat XAR films (Eastman Kodak, Rochester, NY) at -80°C using an intensifying screen. Quantification of mRNA levels was performed by densitometry using a Gel Scan laser densitometer (Pharmacia LKB, Uppsala, Sweden). The data shown are representative for at least two independently performed experiments.
Nuclear run-on transcription assav. The nuclear run-on was performed as previously described."2" A total of 10' T lymphocytes were pelleted at 500g for 5 minutes, washed twice with ice-cold phosphate-buffered saline, and suspended in 4 mL of lysis buffer (10 mmol/L Tris-HCI, pH 7.5; 3 mmol/L MgC1,; 10 mmollL NaCI; and 0.5% NP-40). After gently vortexing, the suspension was incubated on ice for S minutes. Nuclei were pelleted at S00g for S minutes, and the lysis described above was repeated. Five micrograms of the following single-stranded DNAs were immobilized on Hybond N' membranes: (1) EcoRI-linearized pGEM (negative control); (2) EcoRI-linearized pcD-IL-4 plasmid containing a 0.3-kb human IL-4 cDNA fragment; and (3) EcoRIlinearized pBR322 plasmid containing a 7.8-kb human 28s cDNA fragment. Hybridization of labeled RNA that was isolated from equal numbers of cells to the membranes was performed as described above. Washing was performed as described above, with one extra wash-step with 2 x SSCll pg/mL RNAse A (Boehringer). Transcription rates were normalized with respect to the 28s signal.
Measurement of /L-4 protein. Human T lymphocytes (3 X IOo/ mL) were stimulated with Con A or aCD3hCD28 in the presence or absence of db-CAMP or PG& for 48 hours. Vitality of cells was controled by trypan blue exclusion. Secreted IL-4 protein was quantified in cell-free supernatants using a human IL-4 enzymelinked immunosorbent assay kit (ELISA Kit; Genzyme) as recommended by the manufacturers.
Statistical analysis. Statistical analysis was performed for the IL-4 protein secretion data using Student's t-test for paired observations.
RESULTS
db-CAMP and PGE, downregulate IL-4 mRNA production in human T lvmphocytes depending on costimulatory signals.
To study whether IL-4 mRNA expression could be modulated by the CAMP-dependent signaling pathway Con A-, aCD3-, aCD3 plus IL-I -, or aCD3/aCD28-activated cells were costimulated with db-CAMP. As shown in Fig l A , dbcAMP (lo-? mol&) was capable of downregulating IL-4 mRNA expression in the presence of different activators. In contrast to the former experiments, IL-4 mRNA expression in PMA plus A23187-activated cells could not be inhibited by db-CAMP (Fig 1B) .
As shown in Fig 2, db-CAMP showed a steep dose-response curve in both Con A-and aCD3/aCD28-stimulated T lymphocytes; concentrations s~O -~ mol/L db-CAMP did not affect IL-4 mRNA accumulation. Moreover, this pattern was specific for IL-4 gene expression, because rehybridization of the membrane with a GM-CSF cDNA probe demonstrated a dose-dependent decrease of the GM-CSF mRNA expression varying from mol/L (85% inhibition) to molL (15% inhibition).
PGE2 is known to physiologically elevate intracellular cAMP levels via receptor-mediated activation of adenylyl cyclase Therefore, we questioned whether the observed inhibitory effect of db-CAMP is also present after stimulating cells with PGE2. Figure 3 shows that Con Ainduced IL-4 mRNA accumulation was maximally inhibited by mol/L PG& (95% inhibition as compared with that of Con A alone), whereas lo-' moln PG& was sufficient to totally inhibit the aCD3/aCD28-induced IL-4 mRNA accumulation. Moreover, the inhibitory effect of PG& on Con A-or aCD3/cuCD28-induced IL-4 mRNA accumulation was dose-dependent. Concentrations less than moVL did not affect IL-4 mRNA accumulation. In contrast, PG& ( mom) did not affect L 4 mRNA accumulation in PMA plus A23 187-activated T lymphocytes (Fig 1B) .
Taking these data together, PKA-mediated downregulation of IL-4 depends on the intracellular signal that activates IL-4 gene expression. Therefore, we questioned whether the aCD3/aCD28-induced IL-4 mRNA accumulation could further be modulated by exogenously added cytokines that
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--+ -+ -+ -+ -+ IL-2 -+ + " " " + + 1~~7 ---+ + ----+ + IL-12 -----+ + " + + IL-10 -" ----+ + + + might mimic the effects of PMA plus A23 187 and circumvent L 4 mRNA downregulation in response to PG&. T lymphocytes were stimulated with aCD3/aCD28 in the presence of rhIL-2 (200 U/mL), rhIL-7 (SO U/mL), rhIL-l0 (10 ng/mL), rhIL-12 (5 U/mL), or a combination of these cytokines. As shown in Fig 4, rhIL-7 and the combination of cytokines were able to upregulate IL-4 mRNA accumulation in aCD3/aCD28-activated T lymphocytes by a factor of 2.6. PG& (10" mol/L) also inhibited IL-4 mRNA expression in this setting, independent of the added cytokine(s). showed similar results (Fig 5) . A low constitutive expression of the IL-4 gene was observed in unstimulated T lymphocytes. Stimulation with Con A or with the combination of aCD3/aCD28 enhanced the transcription rate of the IL-4
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gene by a factor of 4.2 and 2.5, respectively. Costimulation with db-CAMP (IO-' mol/L) resulted in a reduction of the Con A-induced transcription by a factor of 2.6, whereas the aCD3/aCD28-induced IL-4 transcription was totally inhibited by db-CAMP. Similar results were obtained with PGE2. PGE2 (IO-' mol/L) downregulates IL-4 gene transcription in both Con A-and aCD3/aCD28-activated T lymphocytes by a factor of 1.4 and 2.4, respectively (Fig 6) .
To investigate whether db-CAMP modulates IL-4 mRNA at posttranscriptional level, mRNA stability studies were performed. T lymphocytes were activated with Con A or with a combination of aCD3hCD28 antibodies in the presence or absence of db-CAMP (IO-' mol/L and 0.5 X 1O-j mol& respectively). aCD3/aCD28-induced IL-4 mRNA transcripts decayed with a half-life of approximately 100 minutes. In the presence of db-CAMP, the stability of IL-4 transcripts was decreased, resulting in a half-life value of approximately 60 minutes. In contrast, db-CAMP did not affect the stability of Con A-induced IL-4 mRNA transcripts (Fig 7) . Comparable results were obtained with PGE2. For a half-life of 50 minutes, versus 100 minutes if T lymphocytes were stimulated with aCD3/aCD28 alone. In contrast, PGE2 did not affect the half-life (90 minutes) of IL-4 mRNA in Con A-activated T lymphocytes (Fig 8) .
db-CAMP and PCE, downregulate IL-4 protein secretion.
T lymphocytes were stimulated with Con A or with a combination of aCD3/aCD28 in the presence and absence of db- or with uCD3/ aCD28 and aCD3luCD28 plus PGE2 (10" mollL). IL-4 mRNA levels are presented at various time points (indicated in minutes) after Act D addition. mRNA half-lives were determined after normalization with respect to the 28s signal. and 99 t 63 pg/mL, respectively; n = 4). Although the level of protein secretion was dependent on the donor, the observed inhibition by db-CAMP and PGEz was significant in all experiments (P 5 .02).
DISCUSSION
The CAMP-dependent signaling pathway is generally regarded to be of little importance in the regulation of IL-4 gene e x p r e~s i o n . '~~" '~'~~~~ Our study shows that the CAMPdependent signaling pathway does provide a strong inhibitory signal for the L -4 gene expression in activated human T lymphocytes. The inhibitory effect was dependent on costimulatory signals.
L -4 expression induced by Con A or with aCD3/cuCD28, aCD3 plus &-l, or aCD3 alone was highly susceptible to the suppressive effect of db-CAMP. The inhibitory effect of db-CAMP on the Con A-and aCD3hCD28-induced IL-4 accumulation was a steep dose-response. This steep doseresponse was specific for the L -4 gene, because GM-CSF mRNA expression was dose-dependently inhibited by dbcAMP over a wider range. The discrepancy between the effect of db-CAMP and PG& suggests the activation of additional signaling pathway@) by =Ez. This is supported by studies showing that PGE, interferes in the early phosphoinositide turnover that precedes Ca" mobilization and PKC BORGER ET AL activation.'2.28.29 Moreover, comparable differences in effects between db-CAMP and PGEP have been shown for IL-5 expression in T cells. PGE, selectively induces IL-5, whereas no effect was observed using forskolin or db-CAMP? ' Direct activation of PKC and the Ca2'-dependent pathway with PMA plus A23187 did not result in a reduced IL-4 mRNA expression in response to db-CAMP ( 10-3 moVL) or PGE, ( W 4 mom) stimulation. Novak and Rothenberg" observed similar results in the Jurkat cell line. The lack of suppression is specific for the IL-4 gene because PMA plus ionomycin induced IL-2 and the IL-2 receptor mRNA are highly susceptible for db-CAMP and PGE2.'0.'0 The insensitivity of IL-4 to db-CAMP and PGE, in the presence of PMA and A23187 suggests a difference in downstream signaling as compared with that of the combination of aCD3/aCD28. In view of the results of the nuclear run-on assays, transcriptional regulation also might fulfill an important role. However, it is unlikely that it can be ascribed to the different induction of transcription factors such as c-rel, p-65 NF-KB, or CD28-responsive complex because all these DNAbinding proteins are induced by PMA plus A23187 and aCD3/aCD28." aCD3/aCD28-activated T lymphocytes costimulated with rhIL-2, rhIL-7, rhIL-10, or rhIL-12 were still sensitive to the inhibitory effect of PGE,, indicating that the pathways triggered by exogenously added cytokines in combination with aCD3/aCD28 could not mimic that of the PMA plus A23187-induced signaling. Studies with IL-4 promoter constructs have shown different important binding sites that are unique for the IL-4 gene.32 The balance between proteins that bind to sites of nuclear factor of activated Tcells (NF-AT) and Oct is especially relevant. Alternatively, the observed insensitivity to db-CAMP and PGE2 in PMA plus A23187-activated T lymphocytes may be located upstream of NF-AT and Oct signaling. In addition, a recent study showed that the downregulation of Raf (which is involved in T-cell receptor-mediated signaling) by PKA in cells can occur by two routes, one Ras-dependent and one Ras-independent, which involve inhibition of Raf kinase domain by direct phosphorylation.'3 Additional studies will show whether these factors are differentially regulated by aCD3/aCD28 and PMA plus A23187 in the absence and presence of db-CAMP.
In accordance with the mRNA data, we showed that both Con A-and aCD3/aCD28-induced IL-4 protein secretion is downregulated by db-CAMP m o m ) and PGE2 (lo-' mom). Previous reports have shown that IL-4 secretion by T-cell lines and Th2 clones is relatively insensitive to intracellular CAMP e l e v a t i~n .~~'~~'~~~~ Peripheral blood lymphocytes stimulated with aCD2/aCD28 and T-lymphocyte clones stimulated with aCD2hCD28 plus PMA showed a partial inhibition of IL-4 protein secretion in the presence of PGE2 movL).*' In fresh human T lymphocytes, we showed that this concentration of PGE, was almost sufficient to completely inhibit the aCD3/aCD28-induced IL-4 mRNA. Furthermore, a recent study suggests that IL-2 is relevant in 1L-4 protein secretion by T-cell clone^.'^ At low IL-2 concentrations, PGE2 inhibited the secretion of IL-4; whereas, at high IL-2 concentrations, IL-4 secretion was even enhanced. It is unlikely that these observations will For personal use only. on November 16, 2017. by guest www.bloodjournal.org From
